Griseofulvin
[(2S,6'R)-7-chloro-2',4,6-trimethoxy-6'-methyl-3H,4'H-spiro[1-benzofuran-2,1'-cyclohex [2] ene]-3,4'-dione] (I) is a classical antifungal antibiotic used clinically for the treatement of dermatomycoses. It was also identified as an inhibitor of centrosomal clustering (important cellular event that enables biopolar mitosis for cancer cell lines harboring supernumerary centrosomes). Griseofulvin is an object of increased interest due to its activity towards a range of mammalian cancer cell lines. It has been shown to be cytotoxic by itself but also to potentiate the activity of another anticancer drug, nocodazole [1a] .
Griseofulvin was first isolated from culture of Penicillium griseofulvum [1b,2] while the griseofulvic acid (V) may be obtained by hydrolysis of griseofulvin as described by Arkley [3a] . Bioconversion of griseofulvin by various fungi also provides different demethylated products of griseofulvin. Incubation of griseofulvin with Microsporum canis, Botrytis alli and Cercospora melonis gives 4-demethylgriseofulvin, 2'-demethylgriseofulvin (griseofulvic acid) (V) and 6-demethylgriseofulvin (III), respectively [3b] .
Analysis of human urine samples by reversed-phase high-pressure liquid chromatography revealed that, in addition to 6-demethylgriseofulvin, griseofulvic acid (7-chloro-4,6-dimethoxy-6'-methylgrisan-3,2',4'-trione) was also a urinary griseofulvin metabolite. However, the reported 4-demethylgriseofulvin was not observed in this study. The urinary concentration ratio of griseofulvic acid to 6-demethylgriseofulvin was approximately 1:15. The standard griseofulvic acid was synthesized by reacting griseofulvin with boron tribromide at -60°C. The griseofulvic acid formation is speculated to occur via microsomal demethylation at the 2'-position and subsequent tautomerization of the 2'-enol to the 2',4'-dione. The pharmacokinetics of this metabolite and its toxicological effect are under investigation [3c]. There are difficulties inherent in the old nomenclature [1b] based on griseofulvic acid (which is not a carboxylic acid) which apply particularly to its ethers and reduction products; a nomenclature is required which will denote these derivatives unambiguously and will also be applicable to analogues throughout the griseofulvin chemistry [3d].
The first crystal structure of griseofulvin was published in 1977 [4a] . Later it was republished in 1982 [4b] and recently again in 2004 [5] . Several crystal structures of griseofulvin derivatives are also known: 5-bromogriseofulvin [6a] , epidechlorogriseofulvin dihydrate [6b], 4-O-demethylgriseofulvin (IV) and 6-Odemethylgriseofulvin (III) [6c] . It was found that griseofulvin and its stereoisomer epigriseofulvin (II) also crystallize as solvates with chloroform [7a,7b] , benzene, dioxane [8] , 1,1-dichloroethane, dichloromethane, dibromomethane, bromochloromethane, bromoethane, 1-bromo-2-chloroethane [9] . Single crystal structures
In the present paper two new derivatives of griseofulvin are described. Both derivatives were obtained while attempting to crystallize a molecular complex of griseofulvin with parasulphonatocalix[4]-arene. para-Sulphonatocalix[4]-arene is well known for its biomolecular properties, [10,11a] , its strong ability to form co-crystals with a wide range of bioactive molecules [11b] and effectively inexistent toxicity.
[11c] It is thus a molecule of choice as a co-crystal former for active pharmaceutical ingredients (APIs). In strong acidic conditions griseofulvin was transformed to griseofulvic acid (V) in one case and dimerized (VI) in the second case. Similar phenomenon was observed when trying to crystallize a molecular complex of streptomycin sulfate with parasulphonatocalix[4]-arene [12] . In this case streptomycin sulfate was degraded to streptidine. Both transformed griseofulvin derivatives crystallized separately from crystallization mixture giving monocrystals suitable for X-ray analysis.
2'-Demethylgriseofulvin (V)
Griseofulvic acid or 2'-demethylgriseofulvin (V) molecule [systematic name: (2S,6'R)-7-chloro-4'-hydroxy-4,6-dimethoxy-6'methyl-2'H,3H-spiro[1-benzofuran-2,1'-cyclohex[3]ene]-2',3-dione] possesses a benzofuran ring and a hydroaromatic six-membered ring which is spiro linked to a furan ring. This is the basic structural core of all the griseofulvin derivatives ( Figure 1 ). However, 2'demethylgriseofulvin has different structure of the hydroaromatic six-membered compared to all the other known structures: the double bond is located between carbons 3' and 4' instead of 2' and 3', metoxy group in position 2' is demetylated and transformed to carbonyl group, and carbonyl in position 4' is protonated to hydroxyl group (Scheme 2). Consequently, the conformation of the ring is slightly different compared to griseofulvin and its other derivatives. ORTEP plot with atom numbering; thermal ellipsoids at 50% probability level [13] . The griseofulvic acid molecule has centers of asymmetry at positions 2(S) and 6'(R) the same like all relative molecules. Macmillan et al. [14] attributed to griseofulvin the sterically less favored configuration in which the 3-carbonyl and 6'-methyl groups are cis and the chiral centers have the configuration as above. An isomer of griseofulvin with the 3-carbonyl and 6'-methyl groups in trans position (absolute configuration 2(R) and 6'(R)) is called epigriseofulvin [6b,7a] .
Bond lengths and angles of the 2'-demethylgriseofulvin molecule are not appreciably different from known structures of griseofulvin and its derivatives.
In 2'-demethylgriseofulvin (V) the cyclohexenone ring adopts the sofa conformation with almost planar conjugated enone system (engaged atoms: C2,O2',C2',C3' and C4'). For the other derivatives planar conjugated enone system is occurred on atoms C2',C3',O4',C4' and C5'. The most planar system was found for (+)epigriseofulvin chloroform solvate and epidechlorogriseofulvin dihydrate [6b,7a], the largest deviation from planarity was found for 5-bromogriseofulvin derivative [6a] .
A comparison of the overall features of the molecular structures of griseofulvin, its derivatives and solvates is illustrated in Figure 2 . The bond lengths and angles are not significantly different from each other. Two main conformational groups may be distinguished: these marked in green and blue (both dark and light) which correspond to epigriseofulvin (II) structures, and all the rest which correspond to griseofulvin (I) and its derivatives structures. Significant differences exist in the conformation of the molecules in different crystal environments (anhydrous, chloroform solvate, 1,1dichloroethane solvate) as well as by changing the substituents (Br, Cl, CH 3 , OH). These differences are greatest in certain regions of the molecules where the energy barriers of rotation about a bond are relatively low. There is little doubt that the observed differences in torsion angles are a result of the molecule being in markedly different crystal environments. It should be pointed out that though these differences are significant, the overall characteristics of the molecule in the compared structures are not dramatically different [7b].
In Table 1 selected torsion angles are presented showing differences in conformation for all the known griseofulvin, griseofulvin solvates and its derivatives structures. The conformation of the current molecule is closest to the one of griseofulvin found as its 1,1-dichloroethane solvate. The most important difference is in the conformation of cyclohexanone ring which is in sofa conformation in 2'-demethylgriseofulvin and in half-chair conformation in griseofulvin 1,1-dichloroethane solvate.
In the 2'-demethylgriseofulvin crystal molecules are arranged in 2D hydrogen bonded network based on bifurcated O4'-H4'···O3 and O4'-H4'···Cl hydrogen bonds propagating parallel to the crystallographic bc plane and forming double layer. Layers are additionally stabilized by electrostatic O3···Cl interactions. There are also week intermolecular interactions between 2'demethylgriseofulvin molecules like C-H···O, C-H···π, C-H···C=C and π···π ( Table 2 ). The benzofuran parts of the molecules in the double layer are almost perpendicular to it and interdigitate with those of the adjacent layer (Figure 3 ).
Dimerized griseofulvin (VI)
It is very difficult to explain the pathway of the dimerization (Scheme 3) of two griseofulvin molecules while trying to crystallize a molecular complex of griseofulvin with parasulphonatocalix[4]arene from a mixture at a high access of the anionic calixarene (see the Experimental section). Dimerized griseofulvin (VI) (Figure 4 ) crystallizes as 1:1:1 solvate with ethanol and water. (1) -x+3/2, y-1/2, -z+2; (2) -x+3/2, y-1/2, -z+1; (3) -x, -y+1, z; (4) -x+3/2, y+1/2, -z+1; (5) -x+1/2, y+1/2, -z+2. (1) 3.480(1) Symmetry codes: (1) -x, 1-y, z (2) -x, -y, z CgI -center of gravity of ring number I; Cg1: O1,C2,C3,C8,C9; Cg2: C4,C5,C6,C7,C8,C9;α -dihedral angle between planes I and J; β -angle between CgI···CgJ vector and normal to plane I; γ -angle between CgI···CgJ vector and normal to plane J (°); Cg···Cg -distance between ring centroids (Å);CgI -perpendicular distance of CgI on ring J;CgJ -perpendicular distance of CgJ on ring I (Å) In dimerized griseofulvin atoms C2' of parent griseofulvin molecules were demethylized and are connected with oxygene bridge formed by one of the two O2' atoms from the methoxy groups. Second O2' atom becomes OH group by bounding one hydrogen. The double bond C2'=C3' of one griseofulvin is broken and the C3' atoms are connected by the ethyl radical which was probably formed from two methyl radicals from methoxy groups at C2'. A new dihydropyran six-membered ring is formed. 
C-H···

Compound
O1-C8-C9-C3 C8-O1-C2-C6' O1-C2-C6'-C5' C2-C6'-C5'-C4' C3'-C4'-C5'-C6' C3'-C4'-C5'-C6' C2-C2'-C3'-C4' C3'-C2'-C2-C6' C2'-C2-C6'-C5' C5-C4-O4-C41 C5-C6-O6-C61
Griseofulvin ( Consequently, the new dimerized molecule is not symmetrical because one of the cyclohexenone ring of the parent molecule becomes cyclohexanone while the second one remains unchanged. The conformations of the rings are: cyclohexanone -chair, cyclohexenone -sofa and dihydropyran -twisted boat. Atoms C2',C3',O4',C4' and C5' form almost planar conjugated enone system analogically like in the gryseofulvin structure.
In dimerized griseofulvin seven stereogenic carbon atoms are present (Scheme 3): C2(S), C6'(R), C2a(R), C6'a(R), C2'a(S), C3'a(R) and C31'(S).
Comparing the molecular structure of dimerized griseofulvin with that one of native griseofulvin one immediately see that the absolute configuration on atoms C6' and C6'a remains unchanged as well as the configuration on the spiro atom C2 which belongs to this half of the molecule which retains the double bond C2'=C3' in (1) 1-x,-1/2+y,1-z; (2) -1+x,y,z; (3) 1-x,1/2+y,-z; (4) 1-x,1/2+y,1-z; (5) x,-1+y,z. (2) -3.770(2) CgI -center of gravity of ring number I; Cg1: O1,C2,C3,C9,C8; Cg2: O1a,C2a,C3a,C9a,C8a; Cg3: C4,C5,C6,C7,C8,C9; Cg4: C4a,C5a,C6a,C7a,C8a,C9a α -dihedral angle between planes I and J; β -angle between CgI···CgJ vector and normal to plane I; γ -angle between CgI···CgJ vector and normal to plane J (°) Cg···Cg -distance between ring centroids (Å); CgI -perpendicular distance of CgI on ring J;CgJ -perpendicular distance of CgJ on ring I (Å) cyclohexenone ring. The other spiro atom C2a belonging to the second half of the molecule with broken double bond changes its absolute configuration from S to R but not due to the rearrangement of the substituents but due to the change chemical bonds about carbon C2'a. Three new chiral centers at atoms C2'a, C3'a and C31' are created with S, R and S absolute configurations, respectively.
C-H··· Cg(π-ring) and C-Cl···
Dimer molecules do not interact with each other via strong intermolecular hydrogen bonds but they form OHO hydrogen bonds to water and ethanol molecules. Only week CHO, CHπ and π···π interactions exist between dimer molecules. Details of the intermolecular interactions in the crystal structure of dimerized gryseofulvin are summarized in Table 3 .
The molecules are packed in such a way that between the benzofuran moieties channels running down crystallographic b axis are formed ( Figure 5 ). These channels are filled with ethanol molecules which are immobilized within the channel by hydrogen bonds to the dimer molecules.
Experimental
2'-demethylgriseofulvin (V) crystals were obtained while attempting to crystallize a molecular complex of griseofulvin with parasulphonatocalix[4]arene. The calixarene (50 mg) was dissolved in water (1 ml) and mixed in a 1:1 molar ratio with griseofulvin (25 mg) dissolved in acetone (1 ml). Instead of the desired complex, 2'demethylgriseofulvin was obtained, due to the demethylation and transformation of griseofulvin to griseofulvic acid.
Dimerised griseofulvin (VI) crystals were obtained while attempting to crystallize a molecular complex of griseofulvin with para-sulphonatocalix [4] arene at a high grisofulvin:calixarene ratio. The calixarene (50 mg) was dissolved in water (1 ml) and mixed in a 1:10 molar ratio with griseofulvin (300 mg) dissolved in acetone (2 ml) . Instead of the desired complex, dimerized griseofulvin was obtained.
Crystallographic Data: 2'-Demethylgriseofulvin (V): C 16 H 15 ClO 6 , M = 338.73, colorless block, 0.60  0.30  0.13 mm 3 , orthorhombic, space group P2 1 2 1 2 (No. 18), a = 22.2798(6), b = 7.6982(2), c = 8.7166(2) Å, V = 1495.02(7) Å 3 , Z = 4, D c = 1.504 g/cm 3 , F 000 = 704, KappaApexII, MoKα radiation, = 0.71073 Å, T = 100(2)K, 2θ max = 55.0º, 8595 reflections collected, 3389 unique (R int = 0.039). Final GooF = 1.07, R = 0.039, wR = 0.081, R indices based on 1849 reflections with I > 2σ(I) (refinement on F 2 ), 213 parameters, 0 restraints. Lp and absorption corrections applied, μ = 0.285 mm -1 . Absolute structure parameter = -0.08(7) [15] . (2), c = 17.2171(4) Å, β = 100.539(2)°, V = 1750.66(7) Å 3 , Z = 2, D c = 1.456 g/cm 3 , F 000 = 804, KappaApexII, MoKα radiation, = 0.71073 Å, T = 100(2)K, 2θ max = 53.5º, 14105 reflections collected, 5970 unique (R int = 0.061). Final GooF = 1.07, R = 0.056, wR = 0.111, R indices based on 5970 reflections with I > 2σ(I) (refinement on F 2 ), 487 parameters, 3 restraints. Lp and absorption corrections applied, , μ = 0.257 mm -1 . Absolute structure parameter = 0.07(8) [15] . The stereochemistry is in agreement with that established by chemical means by MacMillan. [14] . 
